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Abstract
Jets are important probes of heavy ion collisions as they can provide information on the interaction of a highly energetic
parton with the medium it traverses. In the hydrodynamic stage of dense, strongly interacting matter, these interactions
can be explained in terms of scattering processes, soft gluon emission and collinear parton splittings. However, jets
originate even before the hydrodynamic stage. Here we report on the first numerical simulation of transverse momentum
broadening of jets stemming from the interaction of partons with boost-invariantly expanding Glasma flux tubes. The
Glasma stage is a pre-hydrodynamic stage based on the Color Glass Condensate framework. Our calculation shows
strong time-dependence and an intrinsic anisotropy of momentum broadening in the directions transverse to the jet
propagation direction.
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1. Introduction
Heavy-ion collisions at the Large Hadron Collider (LHC)
or at the Relativistic Heavy Ion Collider (RHIC) provide
a unique opportunity to study quantum chromodynam-
ics (QCD) under extreme conditions. The quark-gluon
plasma (QGP) that is created in such collisions can be
well described by relativistic viscous hydrodynamics [1, 2],
which accurately predicts particle multiplicities and flow
harmonics [3, 4, 5, 6, 7]. Due to the existence of a hy-
drodynamic attractor [8], such bulk properties are rather
insensitive to the details of the initial conditions of the hy-
drodynamical evolution. There are however probes that
carry information throughout the whole history of the
evolution. These include probes which do not interact
strongly, like photons and dileptons [9, 10, 11, 12], but
also strongly interacting hard probes with momenta much
larger than typical momenta of the medium, known as
jets [13, 14, 15]. Since jets are created in the initial stage
of heavy-ion collisions, they are affected by the entire
space-time evolution of the medium, including its pre-
equilibrium stage.
Recently, the pre-equilibrium stage and its effects on jet
observables garnered increasing attention. In [16], simula-
tions of relativistic hydrodynamics with initial conditions
provided by the EKRT framework [17] suggest that high
pT harmonics can be sensitive to the details of the jet evo-
lution in the initial stage. A systematic treatment of the
pre-equilibrium stage is possible within the Color Glass
∗Corresponding author
Email addresses: ipp@hep.itp.tuwien.ac.at (A. Ipp),
dmueller@hep.itp.tuwien.ac.at (D. I. Müller),
schuh@hep.itp.tuwien.ac.at (D. Schuh)
Condensate (CGC) framework [18, 19]. In this frame-
work, non-Abelian interactions lead to the formation of a
highly anisotropic state of expanding chromo-electric and
chromo-magnetic flux tubes known as the Glasma [20].
The possible effect of this stage has been estimated us-
ing various methods [21, 22, 23, 24], but only recently a
more systematic small proper time approximation was per-
formed to calculate energy loss and momentum broadening
from the Glasma [25]. However, to go beyond very small
proper times requires the use of lattice methods which fully
respect gauge invariance.
In this Letter we present our non-perturbative SU(3)
real-time lattice simulation results for the transverse mo-
mentum broadening contribution to a high energy parton
from the boost-invariant Glasma phase. Our approach is
valid for larger proper times and gauge invariant. We
show that the Glasma gives a sizeable contribution to
momentum broadening and that it occurs anisotropically
with larger broadening along rapidity. Details and various
checks, including the comparison of lattice results with
analytical calculations in the dilute limit can be found in
[26].
2. Theoretical framework
The theoretical basis for our calculation is given by the
CGC framework, which we review and summarize in this
section. For more details regarding the CGC and the
Glasma, we refer to [20, 18, 19]. Within the CGC frame-
work, partons of the incoming nuclei with high momentum
fraction x are described as static, classical color charges.
The color current of a nucleus “A” (“B”) moving along the
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positive (negative) beam axis is given by
Jµ(A,B) = δ
µ
±ρ(A,B)(x
∓,x), (1)
where x± = (t ± z)/√2 and x = (x, y) is the transverse
coordinate vector. The large Bjorken x partons act as
sources for the low x partons, which are described by a
classical color field Aµ. The color field is determined by
the Yang-Mills (YM) equations
DµF
µν
(A,B) = J
ν
(A,B). (2)
In light cone gauge A+ = 0 (A− = 0), the color field is
purely transverse
Ai(A,B)(x
∓,x) =
1
ig
V(A,B)(x)∂
iV(A,B)(x)θ(x
∓), (3)
with Wilson lines V given by
V †(A,B)(x) = P exp
ig ∞∫
−∞
dx∓
ρ(A,B)(x
∓,x)
∇2 −m2
. (4)
Here, m acts as an infrared regulator usually taken to be
roughly ΛQCD and g is the YM coupling constant. For
m = 0 the infrared divergence is regulated by requiring
color neutrality of the whole nucleus [27]. The initial
Glasma field created at proper time τ =
√
2x−x+ = 0 is
given in temporal gauge by [28]
Ai(x) = AiA(x) +A
i
B(x), (5)
Aη(x) =
ig
2
[
AiA(x), A
i
B(x)
]
. (6)
For τ > 0, the Glasma evolves in time according to the
source-free YM equations
DµF
µν = 0. (7)
The color charge density ρ of a nucleus is treated as a
random field, distributed according to a probability func-
tional W [ρ]. Expectation values of observables are com-
puted by averaging over all configurations weighted by
W [ρ]. In this work we apply the McLerran-Venugopalan
(MV) model [29, 30], where W [ρ] is Gaussian and deter-
mined by the charge density correlator
〈ρa(A,B)(x)ρb(A,B)(y)〉= (gµ)2δabδ(x∓−y∓)δ(x∓)δ(2)(x−y). (8)
The MV model parameter µ fixes the saturation momen-
tum Qs ∝ g2µ. Additionally, the color neutrality of nuclei
is guaranteed by requiring 〈ρa(x)〉 = 0.
3. Momentum broadening in the Glasma
The color fields of the Glasma can exert strong Lorentz
forces on highly energetic partons that originate from ini-
tial hard scatterings and eventually become jets. Here we
review the main steps to calculate transverse momentum
Figure 1: Geometry of a heavy-ion collision including an emitted
particle jet (from [26]). Depending on the context, “transverse” and
“longitudinal” can refer to different axes: regarding the whole col-
lision event, the transverse directions are those orthogonal to the
beam axis (z-axis), along which the nuclei collide. When referring to
momentum broadening, transverse momenta are orthogonal to the
jet propagation direction (x-axis). Anisotropic momentum broaden-
ing thus compares momentum broadening along the y- and z-axes,
which corresponds to broadening along the azimuthal (∆φ) and ra-
pidity (∆η) directions.
broadening from the Glasma. We consider a single quark
emitted at the origin of the collision x+ = x− = 0 with
very high initial momentum along the x axis and vanishing
momentum rapidity along z (see fig. 1). The jet broaden-
ing parameter qˆ⊥ is generally defined as the accumulated
squared transverse momentum per unit time (or equiva-
lently per unit length). We define the instantaneous jet
broadening parameter qˆi(τ) for the transverse direction
i ∈ {y, z} as
qˆi(τ) =
d
dτ
〈p2i (τ)〉q. (9)
The momentum change of the quark is due to interactions
with the classical background Glasma field which can be
modeled using Wong’s equations
dpµ
dτ
= gQa(τ)
dxν
dτ
F aµν(τ), (10)
dQa
dτ
= g
dxµ
dτ
fabcAbµ(τ)Q
c(τ), (11)
where xµ(τ) is the trajectory and Qa(τ) is the color charge
of the quark. The fields are understood to be evaluated
along the particle trajectory, which we assume to be light-
like for a highly energetic quark. The quark is considered
to be a test particle, i.e. it is affected by the color fields
of the Glasma, but the Glasma itself is unaffected by the
quark traversing it. Since the background field is invari-
ant under boosts and the test quark is ultrarelativistic, the
momentum broadening does not change even if a different,
non-zero initial rapidity of the quark were assumed. In-
tegrating eqs. (10) and (11), we find the following gauge
invariant expression
〈p2i (τ)〉q =
g2
Nc
τ∫
0
dτ ′
τ∫
0
dτ ′′〈Tr [f i(τ ′)f i(τ ′′)]〉, (12)
2
where no sum over i is implied on the right-hand side.
Here, f i(τ ′) is the color-rotated Lorentz force given by
fy(τ) = U(τ) (Ey(τ)−Bz(τ))U†(τ), (13)
fz(τ) = U(τ) (Ez(τ) +By(τ))U
†(τ), (14)
where E and B are the color-electric and -magnetic fields
evaluated at the particle position xµ(τ). The matrix U(τ)
is a lightlike Wilson line in the fundamental representation
along the particle trajectory. It accounts for the color ro-
tation of the quark as it moves through the color field of
the Glasma. In temporal gauge Aτ = 0, it is given by
U(τ, 0) = P exp
(
− ig
τ∫
0
dτ ′Ax(τ ′)
)
. (15)
Alternatively, eq. (12) can be derived using the dipole
approximation [31]. The expectation value of a particu-
lar rectangular Wilson loop Wi with lengths L⊥  L+ is
related to the transverse momentum 〈p2i (τ)〉q of a quark:
1
Nc
〈Re Tr [Wi]〉 ≈ exp
(
− L
2
⊥
2
〈p2i (τ)〉q
)
. (16)
This Wilson loop consists of four straight Wilson lines:
two lightlike Wilson lines of length L+ (following the par-
ticle trajectory as in eq. (15)), separated at a distance L⊥
along one of the jet-orthogonal directions i ∈ {y, z}, and
two spatial Wilson lines closing the loop. In [26] we show
that a Taylor expansion in L⊥ yields the same result as
integrating the classical equations of motion for a colored
particle, namely eq. (12).
Generally, eq. (12) is hard to evaluate analytically: the
non-Abelian background field Aµ enters in a highly non-
linear way through the Wilson lines and Aµ itself has to
be determined from the YM eqs. (7). To proceed, one
has to either treat Aµ perturbatively [32], which corre-
sponds to the case of a dilute Glasma, or evaluate eq. (12)
numerically using lattice simulations [33, 34]. In [26], we
have performed both a weak field expansion for the dilute
Glasma and formulated the problem in terms of real-time
lattice gauge theory to investigate transverse momentum
broadening in the dense Glasma.
These results can be easily extended to gluon jets due to
Casimir scaling. The accumulated squared momenta and
the jet broadening parameter for gluons are given by
〈p2⊥〉g =
CA
CF
〈p2⊥〉q, qˆg(τ) =
CA
CF
qˆq(τ), (17)
where CA and CF are the Casimirs in the adjoint and
fundamental representation respectively. For Nc = 3 one
finds CA/CF = 9/4.
4. Results and discussion
In this section we present our results of transverse mo-
mentum broadening of quarks from SU(3) real-time lattice
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Figure 2: Accumulated transverse momenta 〈p2i 〉 (top plot) and the
momentum broadening anisotropy 〈p2z〉/〈p2y〉 (bottom plot) at τ0 =
0.6 fm/c as a function of saturation momentum Qs for a high energy
quark moving along the x axis (see fig. 1). The upper plot contains
〈p2y〉 (blue, lower band), which corresponds to ∆φ broadening, 〈p2z〉
(orange, middle band), corresponding to ∆η broadening, and the
total transverse momentum 〈p2⊥〉 = 〈p2y〉 + 〈p2z〉 (black, upper band).
The uncertainty in the results corresponds to different values of the
infrared regulator m. The colorful vertical bands indicate which
values of Qs are relevant to RHIC and LHC physics.
simulations of the Glasma. In fig. 2 (top) we plot the ac-
cumulated squared transverse momenta 〈p2i 〉 evaluated at
proper time τ0 = 0.6 fm/c as a function of Qs for various
values of the infrared regulator m. This value of τ0 corre-
sponds to the typical starting time of jet energy loss calcu-
lations which neglect pre-equilibrium effects [16]. Due to
the simplicity of the MV model the only relevant param-
eter is the ratio m/(g2µ) with m/(g2µ)  1 correspond-
ing to the dense Glasma produced in relativistic heavy-ion
collisions and m/(g2µ)  1 corresponding to the dilute
Glasma. For m = 0 the infrared divergence of the MV
model is regulated by the system size given by g2µL = 100,
where L is the transverse extent of our simulation box. We
use a transverse lattice of size 10242 and Ns = 50 color
sheets for the longitudinal discretization of the MV model
[35]. Using the numerical results of [36] the values of g2µ
can be converted to saturation momenta Qs. We find that
the total squared transverse momentum 〈p2⊥〉 = 〈p2y〉+〈p2z〉
picked up by a high energy quark is roughly 〈p2⊥〉 ≈ Q2s, al-
though our results depend on the exact value of m (shown
as shaded regions in fig. 2). Interestingly, the momentum
broadening of jets in the Glasma happens anisotropically:
a high energy quark receives more momentum along the
beam axis (rapidity broadening) compared to broadening
in the transverse plane of the Glasma (azimuthal broad-
ening). We show the momentum broadening anisotropy
3
Figure 3: Physical origin of the momentum broadening in the
Glasma. A high-energy quark is differently accelerated in a color-
electric Glasma flux tube (red) and a color-magnetic Glasma flux
tube (blue and green). Although electric and magnetic flux tubes
are of similar size and field strength, electric flux tubes consist of
uniformly oriented fields, while magnetic flux tubes exhibit a ring
of anti-correlated fields with opposite sign (green ring around blue
center). This leads to a suppression of momentum broadening along
the y-axis (azimuthal direction) compared to the z-axis (rapidity di-
rection).
〈p2z〉/〈p2y〉 as a function of Qs in fig. 2 (bottom). The
anisotropy is largely independent of Qs but shows strong
dependence on m/(g2µ) with higher anisotropy for more
dilute Glasmas.
To investigate the origin of the anisotropy, it is useful to
look at the case of a dilute Glasma, where a perturbative
calculation is possible. In this limit, eq. (12) simplifies to
[26]
〈p2(y,z)(τ)〉 =
∞∫
0
dk g(τ, k) c(E,B)(k), (18)
where g(τ, k) is a function that describes the time evolu-
tion of the Glasma and c(E,B)(k) are the Fourier compo-
nents of the longitudinal electric or longitudinal magnetic
correlator at τ = 0
cE(r) = 〈Tr [Ez(x)Ez(y)]〉, (19)
cB(r) = 〈Tr [Bz(x)Bz(y)]〉, (20)
with r = |x− y|.
Since the only directional dependence in eq. (18) enters
through these correlators, this yields a remarkably simple
picture of jet momentum broadening in terms of Glasma
flux tubes: the initial Glasma directly after the collision is
composed of color-electric and -magnetic flux tubes aligned
with the beam axis z. The radius rs of a typical flux tube
is roughly Q−1s and both electric and magnetic flux tubes
contribute roughly equally to the initial energy density of
the Glasma [20]. A high energy quark moving through this
initial Glasma along the x direction receives additional mo-
mentum along z from electric flux tubes and momentum
along y from magnetic flux tubes according to the non-
Abelian Lorentz force. Interestingly, even as these two
kinds of flux tubes continue to evolve and expand, their
bending effect stays the same. Let us consider a part of
the expanding wave that propagates along the x direc-
tion. The originally longitudinal electric flux tube along
z turns into a polarized wave mode with electric fields
aligned along z and magnetic fields aligned along y, but
both fields lead to a bending of the hard particle along z.
Similarly, the originally longitudinal magnetic flux tube
leads to a polarization mode that always bends a particle
along the y direction. A hard particle that originates close
to a flux tube will co-propagate with its expanding wave
and will thus have a long time to acquire the momentum
change in a particular direction as dictated by the initial
type, orientation and strength of flux tube.
The observation of a momentum broadening anisotropy
in the Glasma can be therefore traced back to a difference
in the initial shapes of electric and magnetic Glasma flux
tubes as seen in fig. 3. The shapes of Glasma flux tubes
are characterized by the respective correlation functions
eqs. (19) and (20). We found that magnetic flux tubes
show a pronounced region of anti-correlation at roughly
r ≈ 1.5Q−1s , where the orientation of the magnetic field
Bz is flipped compared to the center of the flux tube (this
has also been observed in [37] and [38]). In contrast, elec-
tric flux tubes show no such anti-correlation or a much less
pronounced, weaker region around r ≈ 2Q−1s . As a result,
shown in fig. 3, a quark moving through such Glasma flux
tubes can more efficiently accumulate momentum along
z from electric flux tubes, leading to the observed mo-
mentum broadening anisotropy in fig. 2. The effect of the
anisotropy is further enhanced by the simultaneous expan-
sion of the flux tubes in the xy-plane [26].
Early anisotropic momentum broadening is a possible
explanation for observable effects like a ridge-like struc-
ture in dihadron correlations [39], but the emergence of
momentum anisotropy is not restricted to the Glasma.
Anisotropic broadening in the QGP phase has been in-
vestigated using kinetic theory [40], including the effect of
plasma instabilities [41, 42], and the gauge/gravity corre-
spondence [43, 44, 45]. In all these scenarios, jets receive
stronger broadening along the beam axis, as we do, but
the cause of anisotropy is an anisotropy in the momen-
tum distribution of the QGP. In contrast, the physical ori-
gin of anisotropic broadening from the Glasma is due to
anti-correlated regions around color-magnetic Glasma flux
tubes.
Finally, we also present our numerical results for the
jet broadening parameter qˆ⊥ as a function of proper
time τ in fig. 4. We observe a strong time dependence
when we plot the instantaneous broadening parameter
qˆ⊥ for two typical values of the saturation momentum
Qs ∈ {1.5 GeV, 2.0 GeV}. As can be seen from the plot,
a fast quark receives a large amount of transverse mo-
mentum in the first τ ≈ 0.1 fm/c which corresponds to
τ ≈ Q−1s . After this initial broadening, the jet broad-
4
0 0.05 0.1 0.15 0.2 0.25 0.3
0
10
20
30
τ [fm/c]
qˆ
[G
eV
2 /
fm
]
qˆ⊥ (Qs = 2.0GeV)
qˆ⊥ (Qs = 1.5GeV)
m/(g2µ) = 0.20
m/(g2µ) = 0.10
m/(g2µ) = 0.05
m/(g2µ) = 0
Figure 4: Jet broadening parameter qˆ⊥ for quarks as a function of
proper time τ for two different values of the saturation momentum
Qs. The red lines correspond to Qs = 2 GeV and the blue lines to
Qs = 1.5 GeV. We see that most momentum is acquired in the very
early stage τ < 0.1 fm/c. After this initial strong broadening, the jet
quenching parameter drops very quickly to lower values.
ening parameter qˆ⊥ quickly drops and the accumulation
of transverse momentum is slowed down. Therefore, even
though qˆ⊥ peaks at very high values, a quark only ob-
tains 3 − 4 GeV2 of squared transverse momentum until
τ = 0.6 fm/c. At these later times, the classical field ap-
proximation for the Glasma is less accurate and we expect
other effects of later stages to become more important.
The results shown in fig. 4 can be extended to other
values of Qs: since Qs is the only relevant dimensionful
scale in the dense Glasma (for a fixed ratio m/g2µ . 1),
qˆ⊥ can be rescaled to other values of Q′s by performing
qˆ⊥ → (Q′s/Qs)3qˆ⊥ and τ → (Q′s/Qs)τ .
5. Conclusions and Outlook
In this Letter we have presented our results on
transverse momentum broadening of high energy quarks
traversing the pre-equilibrium Glasma. We have per-
formed non-perturbative real-time lattice simulations
which are by construction gauge invariant. Our main find-
ings are that quarks accumulate up to 〈p2⊥〉 ≈ Q2s of trans-
verse momentum within a short time span of < 0.6 fm/c.
The broadening of quarks is anisotropic with more efficient
broadening along rapidity, compared to the azimuthal di-
rections. The origin of this anisotropy lies in the spatial
correlation structure of the initial Glasma flux tubes.
We have also computed the jet broadening parameter
qˆ⊥ and shown that it strongly depends on time with the
largest contributions stemming from the first 0.1 fm/c.
One of the effects that has not been accounted for in this
work is that of parton energy loss, i.e. the loss of kinetic
energy as quarks or hard gluons pass through the Glasma,
which we plan to investigate in the future. It would
also be interesting to better understand the physics be-
hind the initial correlations of color-electric and -magnetic
Glasma flux tubes, which lead to the momentum broaden-
ing anisotropy. A straightforward and relevant extension
of our work would be to study momentum broadening in
a non-boost-invariant setup [46, 47, 48, 49, 50, 51]. Most
importantly however, our results should be used as input
for simulations of the later stages of jet evolution to study
the full phenomenological implications of the Glasma stage
on jet observables.
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